Abstract A rapid and straightforward method for highthroughput analysis of single resin beads from one-beadone-compound combinatorial libraries with high resolution electrospray ionization tandem mass spectrometry (HR ESI-MS/MS) is presented. The application of an efficient method of peptide derivatization by quaternary ammonium salts (QAS) formation increases ionization efficiency and reduces the detection limit, allowing analysis of trace amounts of compounds by ESI-MS. Peptides, synthesized on solid support, contain a new cleavable linker composed of a Peg spacer (9-aza-3,6,12,15-tetraoxa-10-on-heptadecanoic acid), lysine with ε-amino group marked by the N,N,N-triethylglycine salt, and methionine, which makes possible the selective cleavage by cyanogen bromide. Even a small portion of peptides derivatized by QAS cleaved from a single resin bead is sufficient for sequencing by HR ESI-MS/MS experiments. The developed strategy was applied to a small training library of α chymotrypsin substrates. The obtained results confirm the applicability of the proposed method in combinatorial chemistry. 
Introduction
Rapid and efficient methods of combinatorial peptide library synthesis allow for obtaining a wide range of compounds in short time. Solid phase synthesis using the "split-and-mix" technique has become a method of choice in preparation of One-Bead-One-Compound (OBOC) libraries [1, 2] . The advantage of the OBOC method is that thousands (or even millions) of peptidic compounds can be rapidly synthesized and screened for biological activity. Once a peptide library has been screened against the interesting target, the chemical identification of the peptides on the hit beads is required. Chemical structure of the peptide attached to the selected bead can be identified and analyzed by mass spectrometry (MS) methods in a single experiment without time consuming deconvolution, required in other combinatorial library methods [3] .
Several analytical techniques such as IR, NMR, MS or Edman degradation have been widely used in OBOC combinatorial chemistry. The direct analysis of resin-bound peptides by Edman degradation is expensive and time consuming, making it impractical for the routine sequencing of large numbers of peptides (>100) [4] . Furthermore, this technique is not generally applicable as it requires free N-terminal amino group and is limited by the peptide chain length [5] . However, the fundamental problem of OBOC peptide library analysis is the small amount of compound obtained from a single resin bead and insufficient ionization efficiency of some peptides for standard ESI-MS analysis. This may result in the incomplete sequence coverage during the analysis, which makes peptide mass fingerprinting investigations problematical. Therefore, an enhanced detectability is an important goal of mass spectrometric analysis. One of the main approaches for increasing the ionization efficiency is application of fixed charge tags [6] . Several peptide charge derivatization strategies such as quaternary ammonium [7] , sulphonium [8] [9] [10] , and phopshonium [11] salts formation have been developed. These modifications were performed in solution and, therefore, are not appropriate for analysis of OBOC libraries. Previously, Carrasco et al. [12] described application of multidetachable linkers for direct monitoring of organic compounds on solid support. The construct consists of a photocleavable linker, and a sequence containing betaine-ionization tags to enhance ionization of poorlyor non-ionizable molecules by MALDI mass spectrometry. However, it was shown that the introduction of trimethylammonium salt increase the ionization efficiency in a small range [13] . Recently, we developed an efficient and straightforward method for formation of various quaternary ammonium salts (QAS) on solid support [14] . The modification increases ionization efficiency of peptides in electrospray mass spectrometry (ESI-MS) and lowers the detection limit, whereas a fixed charge tag in MS/MS experiment is responsible for specific fragmentation patterns, which makes it very useful in the analysis of OBOC peptide libraries. Our previous study evidenced that in presence of QAS as a fixed charge tag peptide may fragment via both charge remote and charge directed mechanism [15] .
This article presents synthesis and application of a new linker containing QAS group, for OBOC peptide libraries, and HR ESI-MS/MS analysis of a trace amount (less than 10 %) of peptides obtained from a single resin bead. The introduction of stable positive charge enables peptide identification at low femtomolar level [14] , which may be particularly useful in OBOC peptide libraries analysis, since the remaining portion of material isolated from the single bead could be used for other experiments.
Results
For the preparation of the OBOC peptide libraries, a resin modified by a new linker with -Gly-Peg-Lys(Mtt)-Met-Pegsequence was used. The two flexible and hydrophilic Peg residues (18-atom each) were introduced to separate peptidic substrates both from the resin core and fixed charge tag located at the ε-amino group of lysine residue. The enzymatic digestion of peptides immobilized on the resin bead is usually limited by the availability of substrate and the ability of enzyme to penetrate the resin. This may cause erroneous results during substrate profiling. Therefore, the appropriate spacer, which increases the peptide availability for enzymes, is needed. The spacer should possess hydrophilic properties, because enzymatic digestion usually occurs in water. Moreover, its length should also sufficiently increase the distance between peptide and the resin. These two requirements can be met by using linkers containing polyethylene glycol derivatives, which are commonly used in OBOC library of protease substrates [16] . The methionine residue allows for selective and efficient peptide cleavage in the reaction with cyanogen bromide. The limitation of this approach is that methionine residue is excluded from the peptide library. Although several chemical and photochemical cleavage strategies have been developed [17] , the introduction of a BrCN-cleavable methionine-linker group at the C-terminus of the OBOC peptide library is very common [18] .
Combinatorial peptide library preparation
As a proof of concept a small 16-member training library of α chymotrypsin substrates was designed and synthesized on TentaGel resin. A pentapeptide fragment with the Leu-TyrGln-Leu-Glu sequence, corresponding to the insulin A chain (13) (14) (15) (16) (17) , which was identified as a chymotrypsin substrate [19] responsible for amyloids plaque formation [20] , was used as a model peptide. All peptides contain proline residue in X 1 position and leucine in X 2 position. Peptide library was modified in position X 3 (Gln, Pro, Asp), X 4 (Ala, Tyr, Pro, His) and X 5 (Leu, Ala) (see Fig. 1 ). This produced a 16-peptide library in five synthetic steps. Most of the library components were α chymotrypsin substrates. Peptide sequences (Table 1) were selected in order to conduct substrate analysis for α chymotrypsin and compared with those described by Keil [21] . Because the substrate specificity of used enzyme is well known, the main goal of designed library was to verify the compatibility of our derivatization strategy in combinatorial chemistry and to determine the peptide sequences obtained from both, the positive and negative hits.
Combinatorial peptide library was synthesized according to a standard Fmoc strategy and "split-and-mix" method ( Fig. 1) . The N-terminal amino groups were capped by the reaction with acetic anhydride.
QAS in a form of N,N,N-triethylglycine were efficiently prepared on solid support after the peptide library synthesis and the Mtt-group removal from the ε-amino group of lysine residue by 1 % TFA in DCM. Iodoacetic acid was coupled to the amino group in the presence of DIC. The nucleophilic substitution of iodine atom by triethylamine led to triethylammonium salt. The reaction was completed within 24 h. The strategy of N , N , N -triethylglycine introduction to the lysine side chain was similar to described by us previously [14] . The remaining side chain protecting groups were cleaved by the mixture of TFA/TIS/H 2 O (95:2.5:2.5; v:v:v) for 2 h. Under these conditions, the peptides chains were not removed from the resin.
Application of QAS containing linker to OBOC library
The prepared combinatorial peptide library was subjected to enzymatic digestion by α chymotrypsin. This serine protease was selected, since it is one of the most frequently used enzymes in screening studies [22] . Proteolysis of peptide bonds results in formation of free amino groups, which are known to yield a purple color (Ruhemann's purple) in the presence of ninhydrin. This allows for positive beads identification by observation of color change, and enables selection of beads containing chymotrypsin substrates. The analysis of peptides obtained from single resin beads was performed by HR ESI-MS/MS.
Ninhydrin is used to monitor deprotection of primary amino groups in solid phase peptide synthesis (Kaiser test). When even a small portion (less than 1 %) [23] of amino groups is deprotected, a ninhydrin test yields purple product. Colorless or yellow beads suggest complete acylation of all primary amino groups. Acetylation of N-terminal amino acid residues produces beads not reacting with ninhydrin. Proteases cause hydrolysis of specific peptide bonds and, as a result, a free amino group appears in the peptide stub left attached to the resin bead. Even if the enzymatic digestion does occur incompletely, there should be enough of released primary amino groups to be detected by Kaiser test. The low yield proteolysis is actually an advantage, since it does not reduce significantly the amount of the intact peptide on the bead available for analysis. The limitation of the proposed method is that lysine and arginine cannot be included in library sequences, since their side chains give color products with ninhydrin. Recently, Kofoed and Reymond [24] proposed an alternative selective labeling of the free N-terminus by reductive alkylation with 4-carboxybenzaldehyde coupled to Disperse Red 1 in the presence of NaBH 3 CN. The reagent can selectively stain-free amino groups liberated by proteolysis of peptides on TentaGel beads, even in presence of guanidine group of arginine residue. However, in this method lysine residue must also be excluded from the resin, since the reagent may stain the ε-amino group.
After the Kaiser test 45 purple resin beads (positive hits) and 25 yellow resin beads (negative hits) were selected for HR ESI-MS/MS analysis. Each bead was treated independently by cyanogen bromide in formic acid for 18 h, releasing peptides combined with the linker bearing QAS group.
It was expected that peptides containing tyrosine in X 4 position (which corresponds to P1 position according to Schechter and Berger nomenclature [25] ) should be digested easily, while the presence of aspartic acid in X 3 position (P1 in Schechter and Berger nomenclature) should inhibit the proteolysis. The proteolysis should also take place in the Leu-X sequence (where X is any amino acid). However, as the leucine is less preferred P1 residue, the influence of P1 and P2 is more pronounced, which may explain the result for peptide 8 [21] . In ninhydrin test, secondary amines as proline do not provide purple hits. Therefore, only peptide 4, which contains no tyrosine was identified as positive hit, because of the Leu-Ala sequence. Results of the performed ESI-MS, experiments confirmed by the fragmentation analysis (Spectra 1-32, Supplementary material), were in full accordance with these assumptions. The MS analysis of purple resin beads showed the presence of peptides 4, 11, 13,15 and 16, however the color in case of peptide 4 was less intense. Unchanged yellow resin beads (negative hits), yielded peptides 1-3, 5-7, 9,10, 12 and 14 as identified by MS analysis. We also observed grayish blue resin beads which contained peptide 8 ( Table 1) . Our results also indicate that presence of QAS group in the linker of the designed substrate library does not affect the enzymatic digestion.
The obtained mass spectra (Supplementary materials) show signals corresponding to the undigested peptides, which may suggest that only small amount of the available peptides was digested on the resin, although there is enough of released primary amino groups to be monitored by ninhydrin test. This may imply that the proteolysis occurs only on the surface of the resin bead, due to the limited penetration of the enzyme. However, small cyanogen bromide molecules can penetrate deeper into the resin bead, effectively cleaving peptide from the support. The low yield of the direct proteolysis of combinatorial peptide libraries on a solid support is an advantage of the method, since it does not reduce significantly the amount of the peptide available for analysis. Even less than 10 % of the peptide material obtained from one bead is enough to perform unambiguous test, because the QAS labeling method allows for the peptide analysis even at low femtomolar level by standard ESI-MS analysis [14] .
We recently found that application of a nano-ESI-MS instrument further increases sensitivity of the analysis of the QAS peptides to low attomolar range (unpublished results). The ESI-MS/MS Spectrum 2 shows a clear series of y-type ions of analyzed compound. Only low-abundance peaks, corresponding to the b-type ions were observed. Previously, we have found that introduction of QAS residue attached to peptide N-terminus produces more complicated ESI-MS/MS spectra [14] . Fragmentation related to the presence of fixed charge tag at the C-terminus facilitates the MS/MS spectrum interpretation, since mainly one type of daughter ions are observed. No peaks corresponding to the QAS group fragmentation or elimination were observed. Fragmentation spectra recorded for other library members are presented in Supplementary data.
The results of our work indicate that the application of QAS-tag for OBOC combinatorial libraries, and HR ESI-MS/MS method increases the sensitivity of detection thus enabling identification of a trace amount (less than 10 %) of peptides obtained from a single resin bead. The presence of almost exclusively one fragmentation ion series in the mass spectrum facilitates the interpretation and sequence analysis of released peptides.
In another project, QAS peptides containing β-alanine and γ -aminobutyric acid as well as longer peptides up to 14 residues were synthesized and successfully analyzed using mass spectrometry thus confirming the general application of our method (manuscript in preparation). This rapid and straightforward method for high-throughput analysis of single resin beads was used for a training library of α chymotrypsin substrates and confirmed that the presented methodology may be particularly useful in OBOC peptide library analysis.
Experimental section

Synthesis
Synthesis of combinatorial libraries was performed manually by "split-and-mix" method ( Fig. 1) on solid support according to a standard Fmoc synthesis procedure [26] The N-terminus was acetylated (Ac 2 O/DMF/DIEA; 1:7.5: 1.5; v:v:v), to allow hit identification after enzymatic digestion by Kaiser test [23] .
QAS formation
After peptide synthesis (on the TentaGel HL-NH 2 resin) the ε-amino group of lysine residue was derivatized on solid support to form QAS. Mtt protecting group was cleaved by using 1 % solution of TFA in DCM (3×2 min, 3×10 min, 3 × 2 min). Then the peptidyl resin was washed with DCM (3 × 1 min), DCM/DMF (1:1; v:v, 1 min), 5 % DIEA in DMF (3 × 1 min) and DMF (7 × 1 min). The mixture of iodoacetic acid (26 mg, 140 µmol) and DIC (17.7 mg, 140 µmol), dissolved in DMF (0.5 mL), was added to the peptidyl resin (50 mg, 28 µmol) and the reaction was allowed to proceed for 3 h. Then triethylamine (75.6 µL, 560 µmol), disolved in 
Enzymatic digestion
The peptidyl resin (5 mg) was washed with water (3 × 1 min) and 0.01 M ammonium bicarbonate in water (3 × 1 min). Enzymatic digestion was performed in 0.01 M ammonium bicarbonate buffer for 3 h in 37 • C. The peptidyl resin to enzyme ratio was 1,000:1. The reaction was terminated by the addition of formic acid (3 µL). After the supernatant separation, the resin was washed with water (3 × 1 min), acetonitrile (3 × 1 min) and methanol (3 × 1 min). Then two drops of Kaiser components (A: 80 g phenol in 20 mL ethanol, B: 2 mL 0.001 M KCN in 98 mL pyridine, and C: 5 g of ninhydrin in 100 mL ethanol) [23] were added and incubated forThen each selected bead was treated individually with 0.25 M BrCN in 70 % formic acid (20 µL) for 18 h, according to the method described by Franz et al. [27] 10 % of the obtained peptide-homoserine lacton was dissolved in the mixture (70 µL) of water, acetonitrile, and formic acid (50:50:0.1; v:v:v) and analyzed directly by HR ESI-MS.
Mass spectrometry
All MS experiments were performed on an FT-ICR (Fourier Transform Ion Cyclotron Resonance) MS Apex-Qe Ultra 7T instrument (Bruker Daltonics, Germany) equipped with standard ESI source. The instrument parameters were as follows: scan range: 100-1,600 m/z; drying gas: nitrogen; flow rate: 1.5 l/min; analyte solutions (70 µl) were introduced at a flow rate of 3 µl/min; temperature: 200 • C; potential between the spray needle and the orifice: 4.2 kV.
